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ABSTRACT 

. 
The object of this report is to present a history of the design, development, and 

demonstration testing of the Apogee Kick Motor for the Radio Astronomy Explorer 
Spacecraft. The program was conducted at the Elkton Division of Thiokol Chemical 
Corporation between May 5, 1966 and March 31, 1967. Ten motors were manufactured. 
The test program consisted of four sea-level firings at Thiokol, two simulated altitude 
testa at the Arnold Engineering Development Center, and delivery of four motors. 

Based on these tests, TCC concludes that the motor will meet all of the NASA 
design requirements as presented in Specification 67-58, Rev A, dated September 29, 
1965. These requirements and our demonstrated values are presented below: 

Parameter 
NASA Design Thiokol 
Re  quiremeats Demonstrated Value6 

Total Impulse, Ibf-sec, 45*25"F, vac 44,500 44,471 (AEDC) 

Total Impulse Standard Deviation, 
Ib-sec *440 

+ 62 
-111 (AEDC) 

Total Weight, Ibm 175 ( m u )  173.3 

Diameter, inches 

Misalignment ?e 
17.4 (max) 

15 min 

17. 4 

2.21 mln 

TCC considers the motor qualified for  use on the R. A. E. satellite; the motor will 
perform successfully within the environment and within the constraints established by 
the above referenced NASA Specification. 

'See Appendix A. 

2The angle between the centroid of the nozzle and a line perpendicular 
to the mounting flange. 
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I. DISCUSSION 

A. DESIGN REQUIREMENTS 

This motor was designed for use as the Apogee Kick motor on the Radio 
kstronomy Explorer Satellite. NASA Contract INASS-9336 and Specification 67-53, 
Rev. A, dated September 29, 1965, governed the design of the motor. The design will 
deliver 44,500 f 440 Ibf-sec after being exposed to a vacuum of 
hours at a temperature of 45 25°F. Motor-to-motor total impulse variabili@ does 
not exceed the 440 lbf-sec specification requirement. The motor has a maximum 
case diameter of 17.4 inches and weighs 173.3 pounds, within the specification require- 
ments of 17.4 inches and 175 pounds. Figure 1 shows the motor assembly. 

mm of Hg for 48 

f)o-f'lce 
The motors are equipped with a redundant one-arnp/one-watt'(lA/lW) pyrogen 

ignition system as required by the specification. This redundant ignition system icr 
located at the aft end on the noecle closure and is mounted symmetrically. The pyrogen 
was originally designed and qualified for space application during the NASA Gemini 
program. 

B. DESIGN FEATURES 

1. Case - 
The motor case, Thiokol drawing E18909, is fabricated from 6A14V 

titanium alloy, hemispherical forgings. These forgings are machined to shape and 
welded with an electron beam at the equator. The ca8e inside diameter is 17.318 * 
0.020 inch, with a wall thickness of 0.038,+ 0.006 inch. Case wall thickness was 
based on a 1 .5  burst/MEOP3 safety factor. 

The mounting flange is also fabricated from a machined 6A14V titanium 
The ring contains forging (pierced die) and welded to the aft hemisphere of the case. 

24 mounting holes and meets the specifications of NASA Drawing #1058124. 

The ring is 0. 090-inch thick and its outside diameter is 15. 50 inches. 

2. Insulation 

Most of the interior surface of the case is insulated with an asbestos filled. 
buna-N rubber material (V-44). 
vitreous silica phenolic disc of Mx2625. This disc prevents burn through of the head 
end that may result from the vortexing combustion gases. 

The center of the dome section is insulated with a 

expected operating pressure. 
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The V-44 material is bonded in place using the TYPLY T/W adhesive 
system. The "T" material is a primer for the case; the *cW" material is  the case to 
insulation bonding agent. 

The insulator is designed to include grain stress-relief boots at the head 
and aft ends. These flbootslt permit thermal expansion and contraction of the grain 
without adversely affecting the propellant to liner interface. (Details of the ffboots and 
disc and their installation are shown on TCC Drawings E18994, E18995, E18496, and 
E18984, respectively. ) 

3. Propellant and Liner 

The motors are lined with TL-H-304 liner before loading. Approximately 
0.29-pound of this liner is painted into the case,  After the liner is cured, TP-H-3062 
propellant is loaded into the case,  cured, and radiographically inspected. The grain 
is an eight-point star configuration a s  depicted in TCC Drawing E18921. 

4. Nozzle Assembly 

The nozzle assembly, P / N  E18981, consists of the insulated aft closure 
(E18978), exit cone (E18932), and carbon throat insert (E18942). The aft closure is 
manufactured from a machined 70761'6 aluminum forging per Drawing E18930. The 
surfaces exposed to the combustion gases a r e  insulated with vitreous silica phenolic 
rings which a r e  bonded in place. 

The exit cone, P / N  E18932, is also fabricated from MX2625 and is 
contoured to an equivalent average expansion ratio of 53:l. It is screwed into and 
bonded to the aft closure. 

The nozzle assembly is attached to the case by KS81ZH3-438-9 cap 
screws. These a r e  torqued to 60-inch-pounds during the assembly operation. 

5. Pyrogen 

The motor is i 'ted by a redundant ignition system, E18979. Each 
pyrogen contains a lA/lM&ni 'ator, E16560. 
through openings in the aft closure. 
E14290, are machined from 303 SST. 
AP4-polysulfide composite formulation designated TP-E-8035. The l A / l W  initiators 
discharge into a container, P / N  E14667, that consists of two perforated nickel alloy 
diaphragms, a nickel alloy ring and approximately 1. 25 grams of BKNOQ~ pellets (2A) 

The pyrogen exhausts into the motor 
The pyrogen case, E18637, and head cap, 
The pyrogen propellant grain, E15456, is an 

I 

- 
4 A P  = Ammonium perchlorate. 
5BKN03 = Boron potassium nitrate. 

-3- 



. 

The initiators contain a single bridgewire having 1.1k-O. 1-ohm resistance. 
The recommended firing current is 4 . 0  amperes. 

C. DESIGN ANALYSIS 

The following theoretical analyses were conducted during the course of this 
program and have been submitted to NASA: 

Stress Analysis, RER-435 
Weight, Balance, and Mass Moment of Inertia, RER-439 
RAE Plume Boundary Profile Study 
RAE Exhaust Plume Radiation Study 
RAE Case Temperature Profile 

A brief summary of the analyses and results is included below. 

1. Stress Analysis 

This analysis was prepared during the case design phase in order to ensure 
the structural adequacy of the TE-M-479 motor case, closure, and closure attachment 
bolts. Minimum thicknesses 
and minimum mechanical strength of the material were used in order to develop the 
worst membrane s t ress  situation. 

A 1. 50 ultimate load factor w a s  used for  the analysis. 

Design and analysis of the motor case was based on a minimum case wall 
thickness of 0.038 inch with a minimum yield strength of 155,000 psi and minimum 
ultimate strength of 165,000 psi for 6A1-4V titanium at room temperature. 

The analysis is slightly conservative because the non-linear behavior of 
stress with pressure caused by geometry change was not taken into account. 
spherical pressure vessels, the reduction in bending s t ress  across the membrane a t  
transition joints is slight when considering non-linearity of s t r e s s  and pressure. 

For 

The stress analysis determined that the motor case would withstand 
990 psi chamber pressure (bulk yield) and withstand 1485 psi chamber pressure (burst). 
The analysis checked stress at the constant thickness membrane of the forward hemi- 
sphere, the membrane transition zones for shelf attachment and the case-closure boss 
rings. Based on these results, the stress condition at the weld zone of the case girth 

analysis was performed for this particular case zone. 
H was considered sufficiently low (based on a 25% membrane build-up); no formal 
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The analysis indicates that the critical stress condition (1485 p8.i at the 
minimum case strength and minimum thickness condition) is at the junction of consfant- 
thickness case wall to the forward transition section for ultimate pressure (Pdt). 
Although the case is analytically marginal at this location there were no problems be- 
cause minimal conditions were used for the analysis. The probability of this occurring 
in actual manufacturing operations is very low. 

The closure and closure attachment bolts (300 type SST, 125,000 psi 
tensile ultimate) were aleo investigated at a condition of Pult = 1485 psi. Margins of 
safety are adequate for these two structural components. Interaction forces between 
the motor cam and closure were determined by a simultaneous solution of discontinuity 
forces beginning at the forward case section and continuing throughout the aft case 
eeotion and eloeure elements. 

Shear interaction between case and closure is carried by the closure shear 
lip. The closure bolts a re  under a combined loading of axial tension (caused by ejection 
and rotational flange separation forces) and bending (caused by the bending of the 
closure flange). 

All  components were investigated for two pressurized conditions. They 
were: 1) motor static firing, and 2) hydrostatic-burst test which was set-up to deter- 
mine the effects of a solid plug across the closure port opening, The stress analysis 
resulted in a motor design which would withstand the specified operating conditions. 

2. - Weight, Balance, and Mas6 Moment of Inertia 

The weight, center of gravity, and mass moment of inertia of the motor 
components were calculated from detail drawings by dividing the components into 
simple geometrically-shaped elements and programming the dimensions of these 
elements on a computer. The computer calculated the mass properties of the 
components and also combined the components to obtain the mass properties of the 
loaded and empty motor configurations. 

The dimensions used in these calculations were the nominal dimensions 
(disregarding the tolerances) except for the case wall thickness. 
was used for  the case wall thickness because of the +O. 006-inch tolerance whiclt is 
16 percent of the basic thickness of 0.038 inch and is equivalent to 0. 95 lbs. 

The mean dimension 

The original calculated weight of the propellant is 154.2 Ibs; the actual * 
propellant weight, which is controlled by casting to a weight rather than to a dimension, 
is 153.5 * - pounds. 1 0  

0.0 

-5- 



. 
The following data present the results of the original calculations: 

Weight and Center of Gravity 

Motor Weight Longitudinal C. G. Lateral C. G. Vertical C. G. 
Condition lbm in. (Yce) in. &,,) in. - 

Loaded 174.6 - 5.75 0 0 

Empty 20.4 - 1.23 0 0 

Mass  Moment of Inertia 

Q0 Ibm in. 2 Iyo lbm in. 2 Izo Ibm in. 2 Motor 
Condition 

Loaded 5575 6092 6079 

Empty 6 70 1149 1136 

Figure 2 is the reference data diagram for the motor. A weight summary 
including the actual propellant weight for the unit is presented below: 

Item - 
Case 
Head End Insulation 
Head End Plug and Adhesive 
Aft Case Insulation 
Adhesive Insulation to  Case 
Liner 
Aft C1 os u r  e 
Insulated Aft Closure 
Insulated Aft Closure 
Exit Cone 
Insert 
Pr ope 1 lan t 
Igniter 
Igniter 
Hardware 
Loaded Motor 
Empty Motor 

Weight, (lbm) 

8. 80 
1.28 
0. 04 
1.80 
Q. 29 
0.29 
1.47 
0.14 
0.12 
3.49 
1.53 

153.50 
0.41 
0.41 
0. 27 

20.35 
173. a5 
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3. RAE Plume Boundary Profile Study 

An exhaust plume analysis was conducted to determine if the plume will 
impinge on the spacecraft. The results of the exhaust plume study indicate that there 
will be particle impingement on a portion of the paddles of the spacecraft; however, we 
did not estimate the size and density of the particles as they strike the paddles. 

The maximum turning angle of the exhaust gases was determined by using 
the Prandt-Meyer function for maximum nozzle exit conditions. Based on a 14.2-degree 
nozzle half angle, the maximum turning angle is 125.2 degrees. Since any turning angle 
greater than 90 degrees will result in impingement on the spacecraft solar panels, a 
portion of the plume is expected to flow towards the spacecraft. 

The Mach number and the temperature prpfile within the exhaust plume 
were also determined using the Prandt-Meyer function and the isentropic temperature 
relationship. Using a stagnation temperature of 6122"R and a gamma of 1.20 the 
following relationship between the temperature profile of the gas flow and the turning 
angle was established: 

Exha us t P1 um e 
Mach Number Temperature ( O R )  - Turning Angle (degrees) 

Exhaust P1 ume Exhaust Gas 

10 5 56 69. 9 

14 2 97 85. 1 

20 147 96. 9 

It was shown that the average temperature of the gas in the region of the 
paddles was less than 200"R for a 1.20 gamma. Even under the worst case condition 
of 1 .0  gamma this temperature would be lees than 300"R. 

for A i r  ,nsider&hH\ 
A The results of this analysis were presented to NASA in the final space- 

craft design for their oomideration, 

4. Exhaust Plume Radiation Analysis 

The Stefan-Bolteman Law wae used to oaloulate the heating rates reeulting 
from the rooket exhauet at variour looations on the apaoeoraft. The apparent emlrrivity 
of the motor exhaust wae obtained analytically by omsidering the radiation from an 
infinite conioal gae body of uniform temperature and oompoeition. 
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An effective gas temperature of 1880"R was used to account for the varying 
composition throughout the exhaust plume. The analysis shows that the greatest heating 
rate occurs on the honeycomb skin nearest the intersection of the side wall which is 
parallel to the center line (43 of the motor and the aft surface. This rate is 0.61 
BTU/f@-sec. The greatest heat input to the solar paddles occurs at the point nearest 
the motor exit plane. This rate is 0. 52 BTU/f@-sec. 

-( 

The above information is only for radiative heating; it does not take into 
account convective heating or  heat transfer caused by the energy of particle impingement. 

5. Case Temperature Profile 

An analysis of the case temperature heat transfer was conducted during 
the course of the program. The following locations were considered (based on 
minimum insulation and case thickness areas) : 

Angular Orientation, degrees --- Location 

F orwai d Hemisphere 31" from 

Forward Hemisphere 65" from $ 

Girth (equator) 90" from $ 

Aft Hemisphere 37" from Q 

The analysis was conducted in two phases: Phase I considered the heat 

Minimum insulation thickness was used 
transfer from 0 to 5 minutes after motor ignition, and Phase 11 considered the heat 
transfer from 5 to 20 minutes after ignition. 
in the analysis to evaluate the worst case conditions. 

The Phase I prediction was based on using an effective film coefficient 

This 
determined from rocket motors having a similar internal geometry. 
prediction, an analytical procedure was used based on radiated heat transfer. 
analysis included the .thermal energy of the case,  emissivity, Stefan-Boltzmann 
constant, and the case temperature. 
presented below: 

For the Phase I1 

Temperatures a t  various time stations are 
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Forward Forward Aft 

Hemisphere, Hemisphere, Hemisphere, . Time, min 31" Q,, O F  65" Q, O F  Girth, O F  37" Q, O F  

0 . 2 5  
0. 50 
0. 75 
1 . 0 0  
1 .5  
2 . 0  
5. 0 
1 0  
20 

80 
235 
32 5 
385 
450 
495 
5 50 
3 90 
240 

80 
140 
225 
2 90 
365 
42  5 
44 0 
335 
220 

80 
140 
225 
290 
365 
42 5 
44 0 
335 
220 

125 
230 
2 95 
345 
3 95 
430 
445 
335 
22 0 

D. MANUFACTURING AND TESTING 

The interior surfaces of each motor case a r e  painted with 0 . 2 9  pound of 
TL-H-304 liner. 
relief "boots". 
1967. 

This material serves to bond the propellant to  the insulation and 
The lining operation was performed on all of the motors on January 11. 

The internal star grain configuration for this motor is produced by casting the 
propellant around a fixed-in-place core (or  mandrelj. 
4 delivery) were loaded from one 150-gallon batch of propellant (PV16-659) on 
January 13, 1967. 
135°F. 

The motors required (6 test, 

The motors were then placed in the curing oven for 136 hours at 

After curing of the propellant and cooldown of the assemblies, the cores were 
removed, the propellant flashing was trimmed and the loaded motors were X-rayed and 
found to be acceptable, On several motors, a small disc of propellant was located 
between the end of the core and the phenolic disc. Due to the small volume of propellant 
and the fact that the allowable surface area increase of the acceptance criteria was not 
exceeded on any units, this propellant disc was not removed. 

At the same time the motors were loaded, nozzle assembly operations were 
begun. The contoured exit cones were fit into the aluminum aft closure and bonded in 
place. The Graph-i-tite semi-finished nozzle inserts were bonded into the aft closure 
with Epon 913. The insert throat were final contoured after placement in the closures. 
The nozzle assembly was time sequenced in steps; the nozzles were assembled and the 
throats sized based on the results of propellant sample ballistic tests and static motor 

, firings . 
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1. Development Program 

a. Hydroburst Test 

The first  motor case received from the case subcontractor was 
designated for the hydroburst test (Reference 1 ) 6  
three rosette strain gages in the case forward membrane section. 
installed into the test arrangement which was heated to 120 * 5°F. 
increased to 800 psi as rapidly as possible and held for 24 seconds. 
was then increased at a rate of approximately 300 psig per minute. 
was reached before failure occurred, the pressure was to be released and the test 
terminated to save the case). The maximum expected operating pressure for this 
motor is 990 psig; the minimum burst is 1. 5 times 990 psig, or  1485 psig. 
"stop point" was set at a 1. 55 factor of 1540 psig. 
shear failure of the aft closure shear lip occurred. 
experienced; however, the pressure was released at this point and the case ss!ved for 
mock-up purposes. The assembly had passed the 1 . 5  safety factor and the test was 
considered successful. Subsequent inspection of the case revealed the shear-lip failure 
and it is probable that the case w-ould have withstood a higher pressure before bursting. 
Appendix C contains a photograph showing the assembly and the failed aft closures. 
Figures 3,  4 and 5 show plots of strain versus chamber pressure. 

The case was instrumented with 
It was then 
The pressure was 

The case pressure 
(If 1540 + 10 psig 

The 
At 1511 psig, a circumferential 
No loss of pressure was 

b. Development Test No. 1 

The motor chosen for the first static test was PVlG-659-9. 
assembly, the exit cone was truncated for a sea level test to an expansion ratio of 
11.3/1. 
it was instrumented and conditioned to 70 I 10°F. 
test stand which was restrained from spinning. 
was to evaluate initially the motor components and obtain pressure and temperature 
data. On January 2 7 ,  1967, the motor was  static tested. Pressure,  time, and 
temperature measurements indicated that the test  was  successful. 
examination of components confirmed the satisfactory test, TheGraph-i-tite G-90 
insert experienced 25 percent area erosion which was greater than that predicted. 
However, reduced data indicated that the performance was  satisfactory. Figure 6 
shows the pressure-time and vacuum thrust-time history for  this motor. A case 
temperature evaluation was performed and is contained in Test Report E25-67 
(Reference 2). Actual measured temperatures were close to those predicted for this 
motor during the motor burn time. However, because of insulation burning in the 
presence of air after motor operation and the subsequent water quenching, post-fire 
thermal data a r e  not the same as  those from a motor actually experiencing a space 
environment. 
as possible, s o  that the insulation could be inspected for post-test condition. This  
procedure was used on three of the tests conducted at sea level, 

Before 

After  assembly, the motor was leak checked and released for testing, where 
The motor was installed in the spin 

The primary purpose of the first test  

Post-test 

- 
Quenching was used to terminate "cooking" of the insulation a s  quickly 

6References aiTdetniled in Section 111. 
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Following the first test ,  a new batch of Graph-i-tite G-90 was pro- 
cured t o  investigate the higher than predicted erosion which occurred  on the  first test. 
This graphi te  was used in the third test and is covered in the discussion of that  test 
(I. D. 1. d).  

c. Development Test No. 2 

Motor PV16-659-1 was vibrated through the random and sinusoidal 

The motor  was X-rayed before and after the vibration and no 

Following vibration and X-ray,  the nozzle was truncated and 

levels specified in NASA Specification 67-58, at Component Evaluation Labs,  
El Monte, California. 
defects  were  found. A complete description of the test can  be found in Test Report  
E36-67 (Reference 3). 
the  motor  reassembled  and conditioned to 70°F. On February  16 ,  1967, the motor  
was f i red  while spinning a t  150 rpm.  Motor performance was sat isfactory and the 
throa t  erosion decreased  t o  17. 4 percent. The throat  did not exhibit the valley-peak 
eros ion  charac te r i s t ic  apparent  in the  first tes t .  This difference was due to  the spin 
environment of this tes t .  Calculated vacuum total  impulse was 45,300 lb-sec.  ( The 
sea level data were  cor rec ted  to  vacuum conditions.)  The t e s t  stand was cal ibrated.  
The th rus t  data  fo r  this  spin t e s t  and the following two were  normalized to  account fo r  
test s tand calibration (see Figure 7).  

While the second motor was being processed and tes ted,  the nozzle 
The nozzle throat i n se r t  was replaced for  the  third test motor  was being assembled.  

with one made f rom the second bil let  of Graph-i-tite G-90 mater ia l .  
d i ame te r  was adjusted f rom 1 .417  t o  1 .400  inches to  inc rease  the average operating 
p r e s s u r e  level to  the des i red  level. The inlet  sect ion radius  on this i n se r t  was  a l so  
thickened slightly on the outside diameter in an  attempt to  reduce nozzle throat  erosion. 

The throa t  

d .  Development Test No. 3 

The third motor  fired was PV16-659-2. This motor  was tempera ture  

It was then installed in the test s tand 
cycled f rom ambient t o  0°F and held for 22 hours ,  then to  120°F for 22 hours ,  after 
which it was X-rayed and reconditioned to  120°F. 
and on February 17, 1967, static tested a t  120"F, while spinning at 150 rpm.  
all test objectives were  met .  
4. 
co r rec t ed  to  vacuum conditions was 44,850 lb-sec. 
graphi te  was 16. 7 percent ,  which was not significantly different f rom T e s t  No. 2. 
th i s  t ime ,  it was decided to  use the original graphite for the remaining test and del ivery 
motors .  
requi rement  was me t  and the in se r t  was demonstrated to  be s t ruc tura l ly  sound. 

Again, 

The total  impulse 
The throat  erosion with the new 

A complete description of this t e s t  i s  found in Reference 
Thrus t  versus  t ime history f o r  this t e s t  i s  shown in Figure 8, 

At  

Although the erosion was higher than originally expected, the total  impulse 
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e, Development Tes t  No 4 
I------- 

Motor PV16-659-3 was designated for the foyrth test. The original 
nozzle in se r t  configuration was used in thls  motor and the thi  oar diameter  was 
1. 400 inches.  
hours ,  then to O'F fox 22 hours.  
while spinning ai 75 rpm on February 24,  19.37. 
can be found in Reference 5; Figure 9 shows the p r e s s u r e  v e r s u s  t ime his tory.  
test was completel!, successful 
was 44,190 Ib-sec and the rhroa? erosion was 1;. 1 percent. 

This motor was temperature  cycled, ambient to 120"F,  held for  22 
It was X-rayed and reconditioned to  0-F and f i red 

A complete descr ipt ion of this  t e s t  
This  

The total impulse,  pori ected to vacuum conditions,  

This completed the fouJ -motor development Iirogram and was the 
las t  of the t e s t s  conducted a t  Thiokol-Elkton. 

2 Qualification Program - --I - -. - 

Two TE-R1-479 n io to ts ,  PVlli-G59-7 and l'V16-639-10. wei e shipped to  
AEDC in ear ly  March,  1967 The throat diameter foi tliese moto is  Mas adjusted to  
1. 373 inches to p r  ovide the I equired operating p r t l s h u i  e for flight motors .  
were  inspected and assembled to the mating hardwai e The four igniters were  a l so  
inspected and res i s tance  checked The motor s wet  e instrumented and mounted in the 
spacecraft. The motor and spaceci  a f t  were aligned i n  the tes t  stand and the motor 
"misalignment" measured at the s a m e  time. The "misalignment", the angle between 
the centroid of the nozzle and a line perpendicular to the mounting flange, was 2.  55 
minutes and 3 54 minutes for motor  PV16-659-7 and -10, respectively.  Each motor  
was leak checked aftei the pyrogens were  installed hlotoi S / S  7 w a s  the f i r s t  tested.  
This motor  was conditioned in the test  cell to 40-F.  The ce l l  w a s  evacuated to 124,000 
feet  simulated alt i tude and the motor f i red  while spinning at  75 rpm un 3Iarch 24,  1967. 
The motor  was spun for 45 minutes a f t e r  t h e  f i r ing and tempera ture  data  wei e recorded  
during this  period. The nozzle insei  t was injected into the niotox upon 1)lowback. 
causing the measured  post- tes t  ternperature data to  be dikfei eiit f rom that expected in 
an  actual  flight. AEDC reduced da ta  indicate a vacuum total impulse of 44.406 Ib-sec 
(cor rec ted  to hntd  vacuum) 
corroborat ion of this parameter  ; Thioltol obtained 4 4 , 3 7 9  lb-sec (coi-rected to hard  
vacuum). 
average  p r e s s u r e  was  774 p i a  and the specific impulse was 289. 97 lb-sec using the 
AEDC total  impulse figure.  
discussion of this t e s t  is covered in Reference 7 

The motors  

Thiokol reduction of these same data resulted in excellent 

The 

X complete 

Both f igures  are well within the 44,500 1 440 Ib-sec specification l imit .  

Throat  erosion fo r  this test w a s  22. 7 percent .  

The test of the second motor ( S / N  lo), tested on March 31, 1967, was  
s i m i l a r  that  of S / N  7 ,  except that it w a s  conditioned to '30°F prior to the t e s t .  
per formance  was agai3-r-hear [)effect, the AEDC an3 Thiokol total  impulse calculations 
being 44, 583 and 44,  563 Ib-sec, resl)ecti icly (correct&l to ha1  d vacuum). 

Motor 

The average  
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motor chamber pressure was 830 psia and the specific impulse was 290. 63 lb-sec, 
using the AEDC total impulse figure. Throat erosion was 24 percent. Plots of thrust 
versus time for  the AEDC tests are included in Appendix B. Reference 7 also covers 
the details of this test. 

A 0-1 psi gage was used to record low level pressure measurements after 
burnout of the motor. Each of the two tests experienced low level pressure of a maxi- 
mum magnitude of 0.15 psia for approximately 40 seconds after motor burnout. These 
readings resulted from post-test smoldering of the rubber insulation. 

Side forces of the spacecrafthick motor were measured during the firing. 
The magnitude of these forces ranged between one and two pounds of force. 

RER-432 was revised to reflect the performance obtained on the AEDC 
tests and is presented as Appendix= e 

Before each AEDC test, the thrust misalignment of each motor was 
measured. 
of the AEDC tested motors. 
development motor. 

Appendix A shows the comparative misalignments and motor data for each 
Appendixmshows pre- and post-test photographs of each 

3. Performance Analysis 

A summary of the data resulting from the test effort is presented as 
Appendix A. The details of each test were previously furnished to NASA (References 
2 through 7). Based on the two AEDC tests, the motor demonstrated an average total 
impulse of 44,471 lb-sec a t  vacuum conditions. 
AEDC tests only due to the inaccuracies of thrust measurement of sea level test data. 
A comparison of the required and actual total impulse is presented below: 

The final performance is based on the 

Required Actual 

Total Impulse, lbf-sec 44,500 44,4717 

Deviation from nominal * 440 +62 
Total Impulse, lbf-sec 443 -111 

Thiokol concludes that this motor meets all NASA requirements for the 
RAE program. 

-- 
'II3ased on AEDC data only. 
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E. DELIVERY 

Based on the successful completion of the AEDC tests,  the four delivery motors 
and eight delivery pyrogens were completed and log books submitted to NASA. 
this submittal, NASA measured the motor misalignment which in each case was well 
within the 15 minute specification limit (See Appendix A). 
pyrogen serial numbers are as follows: 

Prior to 

The delivery motor and 

Motor Numbers Pyrogen Numbers (2 per motor) 

PV16-659-4 
\ 

PV16 -6 5 9- 5 

07299-001-1-5, 07299-001-1-6 

072 99-001 -1-7, 07299-001-1-8 

PV16-659- 6 , 07299-001-1-9, 07299-001-1-10 

PV16-659-8 07299-001- 1-11, 07299-001-1-12 

Final acceptance and buy-off was made at Thiokol-Elkton. The motors are 
now in storage awaiting shipment to the Western Test Range for flight. 

-22- 



11. CHRONOLOGY, RAE KICK MOTOR DEVELOPMENT, QUALIFICATION, AND 
DELIVERY PROGRAM 

P r o g r a m  Start May 5, 1966 

Hydroburst  1 C a s e  November 2, 1966 

Initial Receipt of Motor Cases  November 30, 1966 

Receive Insulated C a s e s  January  9, 1967 

Load 10 Motors  January  13, 1967 

Begin Motor Assembly January  25, 1967 

Static Test Motor PV16-659-9 January  25, 1967 

Tempera tu re  Cycle and Spin Tes t  Motor 
PV16-699- 2 February  17, 1967 

Tempera tu re  Cycle and Spin Tes t  Motor 
PV16-659-3 February  24, 1967 

Vibrate Motor PV16-659-1 February  8. 1967 

S?in  Test Motor PV16-659-1 February  16, 1967 

AEDC Altitude T e s t  Motor PV16-659-7 March 24, 1967 

AEDC Altitude T e s t  Motor PV16-659-10 March 31, 1967 

Complete  final buy-off of 4 delivery moto r s  December 15, 1967 

-2 3-  



111. REFERENCES 

Reference No. 

1 

2 

3 

4 

5 

6 

7 

Description 

Hydroburet Test Report 

Thiokol Test Report E25-67 

Thiokol Test Report E36-67 

Thiokol Test Report E31-67 

Thiokol Test Report E42-67 

Thiokol Test Report E79-67 

AEDC Teat Report TR-67-lW (covers two tests) 

IV. NEW TECHNOLOGY 

Not applicable for this contract. 
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ROCKET ENGINEERING DEPARTMENT REPORT 
RER- 4324 
Page 2 of 21 

1.0 SUMMARY 

Presented in paragraph k . 6  and Figures 1 and 2 is t h e  performance 
for t h e  temperature specified in t h e  NASA specification (Ref. 
5.1.1). 
t h e  following parameters were obtained: 

- 
In order t o  evaluate the rimulated al t i tude t e s t  data, 

k l l i r t i c  parameterr (C*, Cd, r, wk & percent s l i ve r )  
Nottle throat area VI percent web 
Propellant surface area vs percent web 

1. 

2. 

3. 

The following obrervationr were made: 

1. A Otrggered ignition of the PYROGW igni ters  by 
ignition of only one, yield8 motor ignit ion prerrures 
t h a t  are e r ien t i i l ly  the mine M vhen both PYROGUiS 
are ignited aimuilt.neourly, 

2. A rpin rate of 75 RPM had no apparent ba l l i s t i c  effect ;  
however, the magnitude of the throat erorion aad i t a  
profilo WM changed rignificaatly f'rom t h a t  obtained on 
a unit teated without rpinning. 

3. The prOpOllMt burn rat0 Of the TE-M-179 V(U 7.7% 
higher than t h e  ra te  obtained f r o m  5" 
batch control motorr. 

propellant 
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2.0 CONTENTS 

1.0 S W Y  

2.0 COnTENTS 
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3.0 DISCUSSION 
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Grain Design 
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2.2 L i s t  of I l l u s t r a t i o n s  

Figure 1 - Calculated f i a l l i s t i c  Performance, Chamber Pressure 
Versus Time 

Figure 2 - Calculated aa l l i s t i c  Performance, Vacuum Thrust 
Versus Time 

Figure 3 - Throat Area Versus Time - :lotor PV16-659-7 

Figure 4 - Throat Area Versus Time - Motor PV16-659-10 

Figure 5 - i 3a l l i s t i c  Performance - Motor ~ 1 6 - 6 5 9 - 7  

Figure 6 - B a l l i s t i c  l'erformance - Motor ~ 1 6 - 6 5 9 - 1 0  

Figure 7 - I g n i t i o n  Pressure Versus Time - Notor i'V16-659-7 

Figure 8 - Ign i t ion  Pressure Versus Time - ,*iotor ~ ~ 1 6 - 6 5 9 - 1 0  
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3.0 DISCUSSION 

This report is based on data from two motor firings conducted 
at  Arnold Engineering Development Center (Test Report AEDC- 
!t%-67-127 [Ref, 5.1.21). The t ea t s  were conducted stith t he  
motors rotating about their t h a t  MIS at 75 RPN and operating 
at  a nominal simulated al t i tude of 120,000 feet. 

EValuation Method 3.1 

A preliminary evaluation of tho test data w s r  mrde using the 
Thiokol-Elkton Computer Propan E-40286, EWuation of Throat 
A r m  rad 8urfWe &ea Time H i 8 t O r i e 8  (Ref. 5 e l s 3 ) r  Bdl ia t iC 
p.PmOter8 rad t h m t  area, 8WfbCe 
Obtainede 
Appendix 7 e 0 e ) ' 

V I  t h e  h i 8 t O r i O 8  Were 
(The rerult8 are rhown in Figurer 3 b 4 and in  

Further ovrluation of tho data wu m d o  uring Canputer Progrua 
E-40305, I n t o m a  B a l i r t i c  &dyrir for  0.8 Cionorrtorr (Refr 

and non-oquilibri\ol eftact8 of motor operation during ignition 
and tail-off tranriontr. In ordor t o  u80 t h i r  program it i r  
nocorruy t o  chvrcter ixe t h e  open air porfornunae of tho PYRWENS 
urrd in  the Tl~kM-479~ Data froln ~ 9 - 6 6 ,  Tort Roport for 8ix 
TIGP-386-6 O m  A i r  %8t8 (Ref* 5 e l e 5 )  VU Mods 
porionnuroo i r  ( \ i n n  in Appondix 7 e 3 e  Motor PV16-659-10 (condi- 
tioned at P O O F )  te8t drta woro baok f i t t od  t o  verify the b.lli8tic 
puanutorrs  Thq porfonornoo of  P~16-659-7 (oonditioned at  kO°F) 
w u  c.lculatod by changing t h e  oporatirrg tanpOraturee Prerruro 
and t h r u s t ,  r o t d  md calculated, aro ploted for cornpariaon i n  

Predictod perfornuace i 8  tabulated (Rof. Soction h e 6 )  for tho 
temperature8 rprcified i n  tho NA8A rpecification. 
performance for  the rauimm urd d n h m  temperatures a t  which 
tho unit8 have boon tratod i r  a l r o  includods It rhould be noted 
tha t  t o r t  data, othor thrn  tho two AJDC firingr, cannot bo 
dlrootly aompmd w i t h  t h i r  report bacaume o f  di f fe roncr  in  
noirle throat W ~ a e  

5 e l s h ) r  Thi8 F-rM V U  UtL1iB.d t o  w d t  8 t U w  O? tho 
OffeCtO O f  PYRWW ignition upon p0dt ignit ion chmber pn88WO 

Typicrl PYROGEN 

FigW.8 5 L 6, 

Predicted 

3 e 2  ProDellant B8u i r t i c ~  

The 5-inch propellant batch control arotorr indioata t h a t  t h e  burn 
r a t e  a d  pr@88LWO for batch PV16-659 wore oB8.ntirlly nCdarl  for 
tho propollant a8 defined in  T e C e C r  6p.cification P22006 (his 
5 e l e 6 ) .  For t h i r  reuoa,  tho full 8 o J e  motor prediCtiOM uu 

(830 gria)rad t q o r r t u r o  (90°F) botwea the 5" control motor8 
rad the TW-479 war detominod t o  bo 

conridorrd A 8 0 & h  Up in burn rat0 6% a fixed pr088WO 

1.e. 7.72 highor i n  tho TE-M-479. 
11-6 
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3.2 (Continued) 

The sp in  rate of 75 RPbI was concluded t o  have l i t t l e  e f f e c t  on 
t h e  propel lant  b a l l i s t i c s ;  however, it had a s i e n i f i n a n t  e f f e c t  
upon t h e  p r o f i l e  and magnitude of the  t h r o a t  e ros ion  compared t o  
t h a t  obttiined i n  a non-spinning s t a t i c  t e s t ,  

3.3 Ign i t ion  

Dual PYROGENS were used i n  t h e  motors f o r  i g n i t i o n ;  however, only 
one vas command-initiated i n  each of t h e  AEDC t e s t e .  A p l o t  of 
a c t u a l  i g n i t i o n  pressure and ca l cu la t ed  i g n i t i o n  pressure versus 
time is shown i n  Figures 7 and 8 for t h e  two AEDC motor f i r i n g s .  
Included a l s o  is a calculated p l o t  f o r  simultaneous i g n i t i o n  of 
both i g n i t e r s .  It  is apparent frm t h e  p l o t s  t h a t  t h e  second 
PYROGEN i g n i t e s  j u s t  prior t o  motor msximum i g n i t i o n  chamber 
pressure.  A t  t h e  time of motor m a x i m u m  i g n i t i o n  chamber pressure,  
t h e  d i f f e rences  i n  saea  f l o w  rate betveen t h e  two PYROGENS is 
small  (.36k lbe/eec ve ,330 l b r / e e c ) ;  at  th8t po in t  in  t i m e  t h e i r  
porcentage of t h e  t o t a l  motor w i n  f l o v  rate is a l r o  small 
(.69 lbe/aec vs 9.52 lbs / sec) ,  The r e e u l t  is a motor m a h u m  
pressure that is  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  nominal 0.075 second 
delay i n  i g n i t i o n  of the second PYROGEN. 

3.3.1 Lf fec t s  of Throat Build U p  

Early reduction of t n e  nozzle t h r o a t  a r ea  by condensation of 
combustion products onto t h e  cool graphi te  t h r o a t  material 
a f f ec t ed  notor operation. For r ep resen ta t ive  ca l cu la t ed  values ,  
a t  .001 second a f t e r  the main ao to r  chamber pressure reaches 
50 p s i a  t h e  t o t a l  mass f l o w  rate is 1.29 l b s / s e c , a t  ,305 s e c ,  
4.22 l b s / s e c ,  during which tine build-up occurs and subsequently 
rapidly erodes away. From t h e  ca l cu la t ions  for  t h e  YOOF condition 
the  maximum i g n i t i o n  pressure is  1063 p i a ,  t h e  e q u i l i b r i u  
pressure (without i g n i t e r  nass flow, w i t h  t h r o a t  bu i ldup) ,  i s  967 
p s i a ,  and the  equilibrium pressure (witnout i g n i t e r  mass flow 
and w i t h  i n i t i a l  t h roa t  a r e a )  i s  860 ps ia .  From t n i s  i t  is 
evident t h a t  t h e  igni t ion spike i s  a t t r i b u t a b l e  t o  two f a c t o r s ,  
t h e  t n r o a t  bu i ld  up which, for this motor, con t r ibu te s  about half 
of t h e  pressure increase over t he  equilibrium pressure and t h e  
i g n i t e r  mass flow, which  contr ibutes  t h e  remainder. 

The purpose of t h i s  analysis w a s  t o  p red ic t  t h e  m a x i m u m  i g n i t i o n  
pressure accurately and r e l i ab ly .  Calculated and experimental 
data are compared i n  Figures 7 and 8 t h a t  agree q u i t e  well  i n  
t i m e  and magnitude through t h e  p re s su r i za t ion  t r a n s i e n t .  This 
comparison va l ida t e s  t h e  .usage of t h i s  method f o r  p red ic t ing  
maximum i g n i t i o n  pressure. 
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4.0 MOTOR PARAMETERS 

4.1 I'rope 1 l a n t  TT-H-3062 

4.2 7 Lirier Y L H - 3 0 4  

4.3 Grain besign 

Type Case bonded, i n t e r n a l  burning, e ignt  point s ta r  
Case Loaded 3rawing s i8921 Rev. €3 

Outside Diameter, in.  17.21 

Length, i n  16.14 

Web Thickness, in.  5.225 

I n t e r n a l  Free Volume, i n 3  178. 

Loading Density, $, Volumetric* 94.8 

Percent S l i v e r ,  ;; 2 . 7  

4.4 Propel lant  Weight, Xominal , ca lcu la ted ,  l b m  153.4 

4.5 Yozzle Design (Vacuum Oneration ) 

!E-iroat Area, Average, sq. i n .  1.637 

Expans ion Rat io, Average 5h.8 

E x i t  Area, sq. in . ,  Average 89.7'1 

Exit iialf Angle, Degrees 14.2 

'Based on volume available t o  propel lant  ins ide  l i n e r  and case insu la t ion .  
The volume displ.aced by t h e  submerged nozzle was considered. 
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6.0 

6.1 

6-1.1 

6.1.2 

6.1.3 

6.1.4 

6-1.5 

6.1.6 

6.1.7 

6.1-8 

6,109 

6 .I. 10 

GLOSSARY 

Definitions (The definitions used are  taken from t h e  CPIA Manual 
as directed by NASA Coddard.) 

- 
Temperature. :lotor Conditioned, Firin&. 
firing temperature is the temperature which ex i s t s  throughout t h e  
motor, particularly the  propellant grain, at t h e  time of f i r ing.  

The mctor conditioned 

Pressure. Chmber. Ignition. :4axinrum. 
chamber presrure i r  t he  highest pressure recorded i n i t i a l l y  due 

The maximum ignition 

t o  ignition. 

Pressure. Chamber, Maximum. The maximum chamber pressure is t h e  
highest chamber pressure developed by the rocket motor under any 
normal operating condition exclurive of ignition, 

Prerrure. Chmber. Avorue, The average chamber prersure is t he  
quotient of t he  burn time integral  of chamber pressure divided by 
the burn time. 

Burn t h e  is defined u beginnirq when t h e  prarrure 

ignit ion) and u ending when the prarrure begin8 t o  drop rharply 
near t h e  end. The latter point i 8  determined an followr; 
Tangentr are drawn t o  the deroendiry portion urd t o  t h e  leva1 
portion of the O w e .  The uyle  between the two turgentr i r  bireoted 
by a line extended t o  thr curve. A l$ne paral le l  t o  the prarrure 
uti8 I r  dram from t he  interreotion o f t h e  birrotion with the 
oww t o  tho tim u t i 0  urd t h i 8  point indicate8 the end of Burniag. 

a Aotion time defined a8 t h o  titune betwoen 10% 
(exolurive o f  ignit ion) on tho amending 

and daooeeding portfeno of the prrrrwe-time aurvea 

TLe 0 er t i  The operation timo i r  defined ao beginning at  e re peraeytibLe indication o f  prosewe aad andim when 
t h e  prersuse fall6 to aeroc 

T i  e 20 . Zero tim i o  the tima at  which firing v o l t y o  i r  +kP app o t o  t h e  Ignitor circuit. 

The. Ignition Bel* 
a t  rero time and ending when tho  presrure ha8 riron t o  lox of i t a  
maximum value (oxalueive o f  ignit ion) on the aclcending portion of 
prerruro-ti- a v e .  

Tim. Ititnition Rim. 
&an the prerswe <aa riren t o  lox o f  it. a h x i m u m  Vr3w on the  

prarrure hrr riron t o  7512 o f  i t r  muriaua va lw  (rxolurivr of 
Ignition) r t i l l  on the rrcendiag portion of tiu prerruro-tima 
O U N S  0 

Ignition dalw time i o  defined eo begianinq 

Ignition rim tine i r  dafinod u beginning 

arcendin@ portion Of t h e  prorsure-tias c W r  urd andiryl when the 
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6.1.11 

6.1.12 

6.1.13 

6.1.14 

6.1.15 

6.1.16 

Time. Ign i t ion .  The ign i t ion  t i m e  i s  defined as beginning st 
zero t i m e  and ending when t h e  pressure has r i s e n  t o  758 of i t s  
naximum value (exclusive of i g n i t i o n )  on t h e  ascending port ion 
of t h e  pressure-time curve. 

Thrust. Ign i t i on ,  pr la xi mum. The m a x i m u m  i g n i t i o n  t h r u s t  is t h e  
highest  t h r u s t  recorded i n i t i a l l y  due t o  ign i t i on .  

Thrust. Haximum. The maximum t h r u s t  i s  t h e  h ighes t  t h r u s t  
developed by t h e  rocket motor under any normal operat ing condi- 
t i o n  exclusive of igni t ion.  

Thrust. Average. 
impulse divided by the burn t i m e .  

The average t h r u s t  i s  t h e  quot ient  of burn t i m e  

Impulse. Specif ic ,  Propellant.  The p rope l l an t  s p e c i f i c  impulse 
i s  t h e  quot ient  of the t o t a l  impulse divided by the t o t a l  weight 
of propel lant  burned, including PYROGEN p r o p e l l m t .  

Impulse, Total .  The t o t a l  impulse i s  t h e  i n t e g r a l  of t h e  
t h r u s t  over t h e  operation of t h e  motor. 
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7.0 APPENDIX 

7.1 Propellant Burning Surface Area-VS-Percent Web 

Percent Surface Throat 
Web - Area 

(in2 ) 
Area 
(in2 I 

0 e 000 426 50 1 478 

0.01 432.48 1.366 

1.740 435.10 1 e 413 

4.060 420.90 1 e 471 

10*400 429 . 10 1. k86 

20 e 300 423e20 10 505 

26 . 200 hl8.60 1 522 

32 e 000 427 0 50 1,542 

40 e700 4 5 5 e 6 O  1. 982 

L9 . 400 479 e 90 1 . 620 

61 e 000 500 0 90 1 679 

69 e 000 SOTe6S 1 a 728 

78 e 508 492 eo0 1.760 

90 . 100 452e80 1 a i 0  

loo e a00 386,00 1 a 835 

102 . 000 274 40 la835 

103 a 780 102 a 90 1 835 

107 0 500 oeoo 1,835 

7.2 ProDellurt fklli r t i c  Propertier (0btal:red i n  the E h l l i r t i c  Data F i t )  
Burn rata, in/rec Oe307 (P0/830)0*2g vhrre Po = Chamber 

Prerrure, pria at P O O F  

Denrity, lbm/CU. h a  I 0,06278 
Prmrurr Coefficient Of Temprrature, wk, $/OF I Oa15b 
Ratio, Bproifio b a t e  m 1.16 
cd a976 C" k939e5 I 9OoF 
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7.3 Single PYROGEN OPEY A I R  IGNITER PERFORMANCE 

C* Bum Rate 
Exponent 

j W s e c  1 

4700.00 0 280 

Time 
( sec 1 

0 0050 

0.0150 

0.0480 

0.0750 

0.1000 

0 1950 

0.2080 

0 2150 

0.2250 

0.2380 

0.2750 

Camma 

- 
1.230 

Pressure 
( p s i a )  

2000.0 

2240.0 

1940.0 

1960.0 

1940.0 

1680.0 

1660.0 

1500.0 

400.0 

60.0 

0.0 

Propellant Temperature 
'deight 
( lbm (deg F)  

0,1412 70.0 

Mass Flov 
(Ibm/sec ) 

.34 

38 

0 33 

.333 

. 33  

,286 

.282 

a 25 

,068 

,010 

,000 
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T E L E P H O N E  
3 01 - 3 98 >3000 

In Reply Refer  To: 
E75-68 

7&!& 
C H E M I C A L  C O R P O R A T I O N  

E L K T O N  D I V I S I O N  

E L K T O N .  M A R Y L A N D  21921 

March 6,  1968 

T W X  
301-398-3914 

National Aeronautics and Space Administration 
Goddard Space Flight Center  
Greenbel t ,  Maryland 2077 1 

Subject: E r r a t a  - E75-68 

Reference: E75-68, Final Report  on Contract NAS5-9336. February  26, 1968 

Gentlemen: 

The subjec t  r epor t  contained 
of this r e p o r t  as follows: 

Paffc3 Reads 

seve ra l  e r r o r s .  Please c o r r e c t  your copies 

.. 
11 

-1- 
-1- 
-3- . 

-8 - 
-21- 
-21- 
-21- 

1-1 

1-1 

Misalignment, deg rees ,  2 

one-amp/one watt ( ) 
0.038 2 0.006 inch 
l A / l W  init iator (twice) 
. . . t o  NASA i n . .  . 
Appendix H 
Appendix C 
+ 62 
- 92 
Isp (col.  Heading) 
lbf-sec 
Itot (col. Heading) 
se c 

Please Change To 

Misalignment, 
one-amp/one watt. no-fire ( ) 
0.038 + 0.006 inch 
l A / l W  no-fire init jator 
To NASA f o r  t he i r  consideration in . .  
Appendix I1 
Appendix I11 
+ 62 
- 111 

IS P 

Itot 
se c 

lb f -se c 

We r e g r e t  any inconvenience this may have caused .  

Very truly your s ,  

THI O K 0  L CH E MI CA I, COH 1'0 I <A 'I'I ON 
E LKI 'ON DIVISION 

,' E .  F. Colburn 
Program Manager  

JGEar ly /mp 


